We report planar integration of tapered terahertz (THz) frequency quantum cascade lasers (QCLs) with metasurface waveguides that are designed to be spoof surface plasmon (SSP) out-couplers by introducing periodically arranged SSP scatterers. The resulting surface-emitting THz beam profile is highly collimated with a divergence as narrow as ,46 3 106, which indicates a good waveguiding property of the metasurface waveguide. In addition, the low background THz power implies a high coupling efficiency for the THz radiation from the laser cavity to the metasurface structure. Furthermore, since all the structures are in-plane, this scheme provides a promising platform where well-established surface plasmon/metasurface techniques can be employed to engineer the emitted beam of THz QCLs controllably and flexibly. More importantly, an integrated active THz photonic circuit for sensing and communication applications could be constructed by incorporating other optoelectronic devices such as Schottky diode THz mixers, and graphene modulators and photodetectors. S urface plasmons (SPs) are surface electromagnetic waves bound at the interface between metallic and dielectric materials. A flexible means of confining or manipulating optical waves at a subwavelength level can thus be achieved by patterning the metallic surface, and as such SPs have underpinned numerous studies on compact photonic circuits 1 , enhanced light-matter interactions 2 , near-field imaging systems 3, 4 , and beam shaping [5] [6] [7] , inter alia. Conventionally, operation of these plasmonic devices relies on external illumination of a properly polarized laser beam on an input coupler (such as a prism or grating), where the SPs are generated. However, these methods often require meticulous alignment of the external optical components, which are bulky and inconvenient for compact integration. Therefore, efforts have been made to integrate plasmonic structures monolithically with semiconductor lasers, resulting in integrated active plasmonic devices. As a straightforward implementation, various kinds of plasmonic structures have been integrated directly onto semiconductor laser facets for beam shaping, such as generating deep-subwavelength laser spots 8, 9 , reducing beam divergence 6, 10 , producing multi-beam emissions 11, 12 , and controlling the polarization state 13 . Moreover, integration of a passive SP waveguide into a semiconductor laser has also been recently demonstrated 14, 15 . Although the use of SPs in these types of devices has proven successful in the visible to mid-infrared regions of the spectrum, the SP concept cannot be easily translated into the terahertz (THz) region. This is because the metal behaves more like a perfect conductor at such frequencies, and hence the penetration depth of the THz field into the metal is negligible (three orders of magnitude shorter than the wavelength in free space); this leaves the electromagnetic field only loosely bound to the flat surface. However, it was found that artificial metallic structures at a deep-subwavelength scale can mimic the optical response of the metal atoms to visible and near-infrared light in the longer wavelength region. Metasurface made from such 'artificial atoms' (meta-atoms) can thus been designed to support tightly confined THz surface waves [16] [17] [18] [19] in a way just like the SP behavior of metal at shorter wavelengths. Moreover, the dispersion relation of these THz surface waves, usually referred to as 'spoof ' surface OPEN SUBJECT AREAS:
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urface plasmons (SPs) are surface electromagnetic waves bound at the interface between metallic and dielectric materials. A flexible means of confining or manipulating optical waves at a subwavelength level can thus be achieved by patterning the metallic surface, and as such SPs have underpinned numerous studies on compact photonic circuits 1 , enhanced light-matter interactions 2 , near-field imaging systems 3, 4 , and beam shaping [5] [6] [7] , inter alia. Conventionally, operation of these plasmonic devices relies on external illumination of a properly polarized laser beam on an input coupler (such as a prism or grating), where the SPs are generated. However, these methods often require meticulous alignment of the external optical components, which are bulky and inconvenient for compact integration. Therefore, efforts have been made to integrate plasmonic structures monolithically with semiconductor lasers, resulting in integrated active plasmonic devices. As a straightforward implementation, various kinds of plasmonic structures have been integrated directly onto semiconductor laser facets for beam shaping, such as generating deep-subwavelength laser spots 8, 9 , reducing beam divergence 6, 10 , producing multi-beam emissions 11, 12 , and controlling the polarization state 13 . Moreover, integration of a passive SP waveguide into a semiconductor laser has also been recently demonstrated 14, 15 . Although the use of SPs in these types of devices has proven successful in the visible to mid-infrared regions of the spectrum, the SP concept cannot be easily translated into the terahertz (THz) region. This is because the metal behaves more like a perfect conductor at such frequencies, and hence the penetration depth of the THz field into the metal is negligible (three orders of magnitude shorter than the wavelength in free space); this leaves the electromagnetic field only loosely bound to the flat surface. However, it was found that artificial metallic structures at a deep-subwavelength scale can mimic the optical response of the metal atoms to visible and near-infrared light in the longer wavelength region. Metasurface made from such 'artificial atoms' (meta-atoms) can thus been designed to support tightly confined THz surface waves [16] [17] [18] [19] in a way just like the SP behavior of metal at shorter wavelengths. Moreover, the dispersion relation of these THz surface waves, usually referred to as 'spoof ' surface plasmons (SSPs), can be geometrically tailored, providing additional freedom in the design of THz plasmonic devices.
The invention of the THz frequency quantum cascade laser (QCL) 20 in 2002 opened up a number of possibilities for THz photonics [21] [22] [23] . THz QCLs are electrically pumped compact semiconductor lasers based on the electronic transitions between subbands in the conduction band, which can be flexibly engineered. As such, the light in the active region is intrinsically TM-polarized, matching the polarization of SPs. Therefore, QCLs are potentially ideal sources for integrated THz active plasmonic system. For example, using a planar-integrated metasurface waveguide, it is possible to couple the THz radiation directly and efficiently out of the laser cavity as SSP waves, which can then be fed into a SSP device or circuit. Although an integrated THz metasurface collimator has been demonstrated on a QCL facet itself 23 , the fabrication was difficult, requiring use of focused ion beam technology, and the small facet area also limits its adoption for practical applications. Planar integration of metasurface components to a THz source for active plasmonic systems has yet to be demonstrated.
In this letter, we report the planar integration of tapered THz QCLs with metasurface structures, which are processed into SSP out-couplers by introducing periodically arranged scatterers. The resulting surface-emitting THz beam is highly collimated with a beam divergence as narrow as ,4u 3 10u. This low divergence indicates a good waveguiding property of the metasurface waveguide, and the low background THz power, away from the surface-emitting beam, implies a high coupling efficiency of the THz radiation from the laser cavity to the metasurface. Moreover, since the whole structure is in-plane, this scheme provides a promising platform where well-established surface plasmon techniques can be employed to engineer an emitted THz QCL beam controllably and flexibly. Furthermore, an integrated active THz photonic circuit may be constructed by guiding and coupling the SSP to other optoelectronic devices such as a Schottky diode THz mixer 21, 22 , or graphene modulators 24 and photodetectors 25 . Figure 1 (a) shows a scanning electron microscope image of a fabricated device, where the tapered THz QCL is shown on the left and the metasurface structure on the right. The laser cavity is formed between the curved facet of the tapered structure and a back distributed Bragg reflector (DBR) towards the left of the ridge region (inset of Figure 1(a) ). The metasurface structure consists of a SSP waveguide (periodic narrow and shallow gold-coated grooves, each of which functions as a simple one-dimensional meta-atom) and SSP scatterers (wide and deep gold-coated grooves), as illustrated in Figure 1 (b), which is a 3D schematic cross-sectional view of the device along the white dashed line in Figure 1 (a). Design of the tapered laser cavity. The tapered THz QCL used in this work comprises a 10-mm-thick active region design, labeled as V775 with a gain peak at ,3 THz (,100 mm)
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; this is confined by a double-metal waveguide structure in the vertical (z-) direction. The QCL is patterned with a tapered structure, first to collimate the emission in the lateral direction as the ideal input for the onedimensional SSP waveguide is a parallel beam (the beam divergence in the lateral direction is inversely proportional to the facet width) and, second, to increase the THz emission amplification in the laser cavity. Figure 2 (a) shows a numerical simulation of the electric field (E z ) distribution of the tapered THz QCL calculated using COMSOL Multiphysics, a commercial finite-element-method solver. The taper section has a tapering angle of ,36u and a length of 800 mm, which increases the width of the output facet from 50 mm to 500 mm. The shape of the taper facet is designed to be an arc centered 20 mm to the left of the ridge-taper interface to collimate the output beam ( Figure 2(a) ). A flat taper facet 27 is not appropriate for such a large tapering angle because it significantly distorts the optical field owing to the large mismatch between the shape of the facet and the wavefront of the radiation emitted from the laser ridge, which would lead to an uncollimated emitted beam (Figure 2 larger overlaps than the fundamental lateral mode 28 . Figure 2(c) shows the electric field distribution of a second-order lateral mode of the structure.
Design of the metasurface collimator. Figure 3(a) shows a 2D simulation of the electric field distribution of the whole device performed in the y-z plane along the symmetric line of the structure (white dashed line in Figure 1(a) ), with the metasurface collimator geometry presented in Figure 3(b) . The excitation and scattering of the SSPs can be clearly observed. The SSP wavelength varies from 89.4 mm to 92.7 mm as the wave propagates away from the laser facet, compared to a 96 mm value in free space. The shorter SSP wavelength in the vicinity of the laser facet is explained by a larger wavevector of the orange region than that of the yellow region in Figure 3(b) , as reflected in the dispersion diagram (Figure 3(c) ), which was obtained by a finite-difference time-domain (FDTD) method with the commercial Lumerical software. The SSP dispersions show strong similarities with the dispersion of the SP mode on a flat metal surface. However, while the asymptotic frequency f c of the SP mode is fixed as v p =2 ffiffi ffi 2 p p (v p is the bulk plasma frequency of the metal), f c of this groove-type metasurface and thus the behavior of the SSP mode, can be controlled by the groove depth h: f c < c 0 /4h, 19 where c 0 is the velocity of light in vacuum. For a given frequency, a smaller asymptotic frequency means a larger SSP wavevector, which implies a better confinement of the surface wave. Nevertheless, a stronger confinement of wave on metal surface comes with a larger ohmic loss in the metal. Therefore, tradeoff should be made between the confinement and propagation length in practice.
In Figure 3 The corresponding ohmic loss of the metal is 1-2 cm
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. With respect to the emission power, it is dependent on the intensity transmission at the laser output facet, which can be expressed as T~1{
, where Z MM and Z F are the impedance of the QCL's metal-metal waveguide and that of the outer space seen from the laser facet, respectively. Usually, Z F is much larger than Z MM (large impedance mismatch), resulting in an insufficient output efficiency of the THz power. However, Z F is affected by the surrounding environment of the laser facet. In our case here, the metasurface varies Z F in such a way as to reduce the mismatch between Z F and Z MM , leading to a higher output power. With this in mind, it is logical that the width of the metasurface might have effect on the facet transmission. However, if the grooves of the metasurface is wide enough to cover the entire width of the laser facet (500 mm), the transmissions through the laser facet are almost the same with an enhancement factor of ,1.2 compared to the case without metasurface (Figure 3(d) ). In terms of coupling efficiency, it is estimated that 40% of the laser output power is coupled into the SSPs, with the remaining radiated directly into free space. Most of the power in the SSPs is then scattered out perpendicular to the device surface (z-direction) by the 25 SSP scatterers, which are grooved on the waveguide with a periodicity of 78 mm so that the scattered SSP light and the uncoupled light interfere constructively, resulting in a narrow (,3u) single lobe in the far field (Figure 3(d) ). As a comparison, the laser without the metasurface structure emits uniformly in all directions, as shown in Figure 3 (e).
Light-current-voltage and far-field characterization. Devices with two different groove widths were fabricated, labeled as A and B. The groove widths of device A were 600 mm, whilst device B had a wider groove width of 1000 mm. Both devices show similar light-currentvoltage (LIV) characteristics. Figure 4 shows the LIV curves of a typical device as a function of temperature; the insets show the lasing spectra of devices A and B at 4.3 A and a 9 K heat sink temperature, the conditions at which their far field emission profiles were measured. The maximum operating temperature was found to be around 118 K under pulse mode operation with a 500 ns pulse width and 10 kHz repetition rate, comparable with that of a ridge laser (100 mm wide and 1500 mm long) fabricated from the same QCL active region, which operated up to 136 K under the same pulsing conditions. 2D far-field emission patterns of the devices were measured by scanning a pyroelectric detector on a spherical surface centered on the curved laser facet. 3D simulations were also performed using Lumerical FDTD. Figure 5(c) shows the measured far-field pattern of device A, with Figure 5(b) showing the line scans through the peak value. This reveals that the beam divergence in the Q direction is as low as ,4u, while it is ,10u in the h direction. Moreover, the background intensity is less than 10% of the peak value, indicating a high coupling efficiency of the THz radiation into the SSPs. Note that the measured beam divergence in the Q direction is larger than the simulated results at a wavelength of 94 mm (Figure 5(e) ). This is due to the multi-mode emission of the devices (inset of Figure 4 ) -the position of the radiation lobe shifts in the Q direction in the far-field as the laser wavelength changes. Simulations show that a change of 1 mm in the wavelength leads to ,1u shift in the far-field pattern. Therefore, the measured far-field pattern is actually the superimposition of several slightly shifted far-field patterns if the device is not operating single-mode. This effect is more apparent for device B, which has a wider emission spectrum (inset of Figure 4 ). The measured and simulated far-field patterns of device B are shown in Figures 5(d) and (f), respectively. Here, the simulation considered the emission bandwidth from 92 mm to 98 mm, and closer agreement is obtained.
Influence of the groove width on the far fields. In contrast to our original expectation that device B would gives a narrower beam divergence in the h direction as it is with a wider groove width, it actually has a larger beam divergence in the h direction than device A. To understand this phenomenon, we investigated the near-field distributions of the two devices (Figure 6(a) and (b) ). The SP is found to spread in the lateral direction so that device B indeed provides a broader laser emission width compared with device A. However, the spread of the SSP in the lateral direction induces phase delays of the electric field. Figures 6(c) and (d) plot the amplitude and phase distributions of the radiative electric field (E y ) along the white Summary. In conclusion, we have demonstrated in-plane integration of THz tapered QCLs with metasurface waveguides. As an illustrative example, the metasurface waveguides were made into a plasmonic directional out-coupler for beam collimation of the generated THz wave from QCLs. The output beam is highly collimated with a beam divergence as narrow as ,4u 3 10u. Moreover, low background THz power (less than 10% of the peak value) indicates a high coupling efficiency of the light from the laser facet to the metasurface. We note that not only can the metasurface waveguides be processed into various geometries to shape the output emission profile, but they can also serve as a platform for integrated THz circuits for applications in sensing, spectroscopy, and communications.
Methods
Devices fabrication. Fabrication of the tapered THz QCLs with metasurface waveguides began with Au-Au thermocompression bonding of the QCL active region to an n1 GaAs receptor wafer. The original QCL substrate was then removed by a combination of lapping and selective chemical etching. A top contact metal (Ti/Au 15/350 nm) was next defined by conventional optical lithography and lift-off, the DBR section was also formed in the same process. The laser mesa and deep grooves (SPP scatterers) were first etched down ,3 mm by reactive ion etching (RIE) using a SiO 2 mask. Another lithography process was then performed to define additional patterns for the shallow grooves (SSP waveguide) on the same SiO 2 mask. The sample was subsequently etched again by RIE until the depth of the shallow grooves reached 7 mm. At this point, the 10-mm active region around the laser mesa and outside the metasurface was total removed while there remained 1 mm on the bottoms of the deep grooves. This was followed by (and without removing the SiO 2 mask) multiple-angle Ti/Au electron-beam evaporation to ensure full coverage of metal on the whole structure. The Ti/Au layer on the laser top and sidewalls was then removed by a gold etchant and a dilute HF solution with a thick AZ4620 photoresist covering the metasurface region. The SiO 2 mask on top of the laser was then removed by RIE using a mixture of HF 4 and O 2 gases. The substrate was thinned to 120 mm and a 20/300 nm Ti/Au layer deposited to form the bottom contact. The samples were cleaved, indiummounted on Cu submounts, wire-bonded, and finally attached to the cold finger of a cryostat for measurement. www.nature.com/scientificreports
